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ABSTRACT 

The problem of determining the luminescent efficiency of phosphors 

In the form of powders end large single crystals is considered* A method 

applicable to large single crystals has been developed and applied to 

crystals of synthetic CaWO, and CdWO.* As an adjunct to the efficiency 

measurements the luminescent spectra of these materials was measured at 

liquid N2, dry ice, and room temperatures* Also, their reflection of 

2537 A ultraviolet and optical transmission from 2100 A to 8000 A is 

given for room temperature* The room temperature quantum efficiencies 

of two different crystals of CaWO^ are 0.74 and 0.82, in agreement with 

published values for the efficiency of powders* Due to large uncertaint- 

ies in the indices of refraction, the efficiencies obtained for two crys- 

tals of CdVO^, 1*0 and 1*2, values that are probably too large, must be 

considered unreliable: 
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THE LUMINESCENCE OF LARGE SINGLE CRYSTALS 

OP CaVO^ AND CdWO^ 

I. INTRODUCTION 

The electronic properties of insulators hare received considerable 

attention in the last decade* Studies of semi-conductors, photoconduc- 

tors, and luminescent materials have yielded detailed information about, 

for example, the energy difference between the filled and conduction 

band, the number and energy levels of trapping centers, the interplay 

between trapping centers and luminescent centers, some details about the 

luminescent centers, etc. Practically all of the experimental informa- 

tion on luminescence was obtained with crystalline powders* The small 

amount of information obtained from single crystals can be attributed to 

the fact that large single crystals were practically unobtainable, except 

j I for those occuring naturally, and these were of doubtful purity. One of 

the moire important properties of phosphors is their efficiency, which 

roughly is the ratio of the energy they absorb to the energy they emit as 

luminescence* Very few reliable efficiency measurements exist even for 

powders, and these have inherent properties, of which the most important 

I is their permanent entrapment of part of the luminescent light they emit, 

that limit the accuracy of the efficiency measurements* However, some of 

these difficulties do not arise with large single crystals primarily 

because they can bs obtained as regular parallelepipeds for which one may 

calculate the fraction of light, produced in the interior of these crys- 

! tals, that escapes from them* When large synthetic high purity crystals 
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of calcium and cadmium tungstate, which are both luminescent, became avail" 

able the efficiency measurements, to be described here, were undertaken* 

I The method developed for this purpose requires among other things a meas- 

urement of the spectral distribution of the luminescence, and the absorp- 

tion and reflection of light of various wavelengths by the luminescent 

crystals. In addition to measuring these properties for all of the crys- 

tals »sedj the spectral distributions were measured at 78° K and 195° K 

as well as the ratios of the efficiencies at these temperatures to the 

efficiencies at roam temperature* 

II* THE LUMINESCENCE OF INORGANIC NON-PHOTOCONDUCTING PHOSPHORS 

First let us outline the physical characteristics of luminescent 

crystals* Once ve have done this we can introduce the concept of the 

luminescent center, an entity that will permit us to understand quali- 

tatively a majority of the observed experimental facts* 

A* Basic Characteristics of Non-photoconducting Phosphors 

The experimental facts and current theories on the luminescence of 

inorganic solids are summarized in books by Garlick(l) and Leverenz(2) 

that have recently appeared. In addition, there is the report "Cornell 

• Symposium on Luminescent Materials" edited by Fonda and Seitz(3), and 

books by Krftger(A) and Pringaheim(5)* The latter two publications can 

be regarded as oompendiums of experimental data, while the first three 

are devoted more to the current theories and mechanisms involved in the 

luminescent process. 

There is no generally accepted terminology in this field and we will 

give the definitions that we will use of the most common terms* In its 

• 
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simplest form luminescence is the absorption of light by a substance and 

its subsequent reemlssion as light of lesser energy* In general, however, 

luminescence Includes all those processes whereby energy is imparted to 

a substance with the ultimate release of some or all of this energy as 

light. Consider the following idealized experiment. Let a square vave 

of ultraviolet light fall on a typical luminescent material. At the on- 

set of the ultraviolet the material 'All almost instantaneously lumi- 

nesce, in addition a second component will grew in until the emitted 

light reaches a steady level. When the exciting ultraviolet is shut off 

the emitted light will sharply drop off with a time constant on the order 

of 10"8 to 10"2 seconds. This initial diminution will then be followed 

by a decaying component which may have a time constant ranging from a 

few milliseconds to several daysj The fast rising and decaying component 

is usually called fluorescence and slower changing components are called 

phosphorescence. If only one component is present in a given material it 

can be called either fluorescence or phosphorescence if its time constant 

is on the order of 0.1 second or less. There is no generally accepted 

way to differentiate between the two and we shall refer to both processes 

• collectively as luminescence. It has been shown that single crystal 

• CaWO, is non-photoconducting and we will assume that in both CaWO^ and 

CdUO/ only one process is operating(6). Also, we will occasionally use 

I the wcrd phosphor for any luminescent material and when so doing we do not 

intend to imply anything about its phosphorescent characteristics. 

f  5 With surprisingly few ambiguities all phosphors can be divided into 

photoconducting and non-photoconducting materials, i.e., if crystals of 

these materials are fitted with electrodes to which a potential is applied 
31 | 
r. & • 
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some will permit a current to flow when they are illuminated with ultra- 

violet llpht while others will not permit a current to flow so natter 

how intense the incident light is* Since the crystals which were used in 

this investigation are of the non-photoconducting variety we will consider 

in detail the process involved in the luminescence of non-photoconducting 

materials and make only occasional reference to materials and mechanisms 

involving photoconductivity. 

Practically all phosphors are highly crystalline and contain amounts 

of some impurity, called the activator, ranging from 10 to 10  atomic 

percent. In a few cases it is unambiguously kncvn that the impurity is 

substitutional or that it is interstitial* While it is believed that in 

the majority of cases the Impurity is substitutional this has not been 

definitely established. If one determines the absorption of the crystal 

without activation—the host crystal—and then the host to which an acti- 

vator has been added, one can usually find an absorption band attributable 

to the activator alone. If one illuminates the activated crystal in this 

band one finds the luminescent emission is a broad band, e.g., Fig. 1, 

that lies entirely at the longer wavelength side of the absorption band. 

Now one fellows the decay of tho emission after extinguishing the 

exciting radiation one finds that In most cases it decays exponentially. 

The rate of decay is often expressed in terms of a decay time, which is 

the time required for the emission to fall to l/e of its original value. 

Usually if a phosphor is found to decay like t"*n where l<n<3 it will 

also be found to be photoconducting(la), which we reiterate, is a type 

that will not be considered here. 

4.-4* 
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In g3SJr.v*«il the emission spectrum will have the slightly asymmetrical 

inverted bell-shaped curve shown in Fig. 1* With one exception the shape 

of the spectral distributions have not been derived from first principles. 

Later we will show why the sliape of the emission spectra must be precise- 

ly known if an accurate determination of the luminescent efficiency is to 

be made* 

The term, the luminescent efficiency, must be considered in detail 

before we proceeed. If one imparts a given quantity of energy to a crys- 

tal phosphor system then all or part of this energy will ultimately be 

reemittsd as luminescent light* Ve define tho luminescent efficiency, 

i 
I 
I 

i 
i 

* | or as we actually prefer to call it "the energy conversion," 

' I 
h m  energy emerging from phosphor as luminescent light 

I total energy imparted to phosphor 
* T 

*• For most cases, actually the only ens we will use, the energy imparted 

\     | to the crystal will be the amount of ultraviolet light it absorbs* Often 

"quantum efficiency" is the name given to this quantity, but this is 

Incorrect, the proper definition of the Tl q the quantum efficiency being 

"W m    number of quanta emitted by the phosphor as luminescence 
f ''<]    number of exciting quanta absorbed by the phosphor 

It is important to note that these quantities refer to hypothetical 

measurements made in the interior of the crystal and when dealing with 

light exterior to the crystal certain corrections must be made* The most 

important of these results from reflections at crystal surfaces leading 

to permanent trapping of part of the luminescent light. If one knows the 

energy distribution of the exciting ultraviolet and of the emission spec- 
T 
| trum one can compute the quantum efficiency from the energy conversion and 

J 
i 
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vice versa. 

For the typical non-photoconducting phosphor it is usually found 

that the efficiency is strongly temperature dependent us is shown in 

Fig, 1, but the decay time, and the shape of the emission spectra are 

independent of temperature in the range of 80° K to 300° K. Also, one 

can vary the wavelength of the exciting ultraviolet. In this vuy one 

determines that the exciting photons must possess a minimum critical 

energy before any emission is observed. It is customarily found that 

the efficiency varies strongly with the energy of the excitation but 

that the omission spectra, if it is observed at all, does not depend on 

• the energy of the excitation* 

B. The Luminescent Center 

In the previous section ve have outlined the principle character- 

istics of luminescent materials. The first successful attempts to assim- 

ilate this information into a coherent picture was made by Seitz(7) and 

Von Hippel(8). The picture they formulated is best applied to an imp- 

I urity activated phosphor. Consider a substitutional Impurity in its 

host lattice. This foreign atom and the atoms surrounding it may be 

regarded as a kind of molecule which is called a luminescent center. The 

center must possess an electric ground state (level) and at least one 

excited state. To one, or perhaps more, of the electrons in this center 

I one may ascribe a potential energy diagram, like that of Fig, 2, where 

energy is plotted vertically and the abscissa is called the configuration 

coordinate for want of a more precise name. If this diagram were applied 

to a molecule the configuration coordinate would be the nuclear separa- 

I 
I 

« 

I 
•* 
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ticn. Actually, in the luminescent center, this coordinate is an uverac« 

over 3N deviations from a mean position, yhere N is the number of nuclei 

and electrons that muBt be considered part of the center* Just recently 

Villiams(9) has calculated curves like these for the case of thallium 

activated EG1 and obtained fairly good agreement with experimental absor- 

ption and emission spectra thus lending credence to the postulates of 

Von Hippel and Seitz. 

It mu»t be emphasised that while this diagram refers to electronic 

states the vibrational states of both the solid as a whole and the lumi- 

nescent center separately must be superimposed on the electronic pert. 

This vibrational part is suggested by the light horizontal lines drawn 

in each curve. Actually there are many more vibration levels than indi- 

cated. An important characteristic of these centers is that an electron 

in any of the higher vibrational levels will degrade to the bottom of 

each electronic level* Moreover, an electron at the bottom of each 

level will undergo thermal fluctuation to some of the higher levels* 

This property must be exploited to explain the temperature dependence of 

the quantum efficiency. Consider now the absorption of light by a 

phosphor which contains luminescent centers. The center will usually 

be in the ground state, such as the point A in Fig. 2, especially if tho 

energy V is large compared to kT. In order that the optically active 

electron of the center be raised to the upper level it must absorb a 

quantum having energy W or greater. This explains why only sufficiently 

energetic light excites luminescence. 

Once the center is raised to the upper level, such a? the point D, 
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it will undergo thermal degrading to the point B. There are two altern- 

atives as to hoy the electron may return to vhe ground state froro this 

point* Suppose that E is much larger than kT so that there is only small 

probability that the el ^ctron nay reach the point C by the normal thermal 

fluctuation process* It will then remain in the excited state until it 

makes an optical transition  to the ground state with the emission of a 

photon. Thus the optical transition controls the decay time of the phos- 

phor* We know of no successful attempts to calculate the transition 

probability from first principles. 

from the details of the emission process the qualitative features 

of the broad emission spectra can be described. The electron in the 

upper state will not be precisely at the bottom of the curve since it 

will have some zero point energy and, in addition, will possess some 

thermal vibration energy. Thus, in terms of the potential energy diagram 

it is in a state indicated by one of the fine lines above the point E. 

Now it can make an optical transition from any point on this line, i.e., 

it can make an optical transition independently of its degree of thermal 

motion, to any point on the curve describing the lower state. Obviously, 

there is a large number of such transitions which when properly weighted 

can account for the broad spectral distribution of the emission spectra. 

An exact inverse of this mechanism, the raising of an eloctr-on from the 

lower to the upper state, accounts for the observed absorption. The res- 

ults of Williams match the observed spectral distribution well enough so 

that there is no doubt that we have correctly described the first order 

features of these processes. 
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¥on Hippel and Salts postulated that the two curves representing the 

excited state and the ground state Bust cross. In Fig. 2 tills poist Is 

labeled C. This Bakes it possible to explain the dependence of the luni- 

nescent efficiency on 'GM temperature* asawo teat the center :1s is ths 

stats 8* There are two processes whereby It *«ay return to the ground 

state of which the first, Is the optical transition wo have Just diseased. 
T 
A The second, process, which conpetes with the optical transition, occurs 

T when the center is thermally excited (subjected to ~ themal fluctuation) 

S sufficient to raise it to C» The electron nay then pass to the lower 

curve, perhaps with the emission of an infra-red quantss, and be degraded 

to A the lattice abaarbisg th* TSSCSWRS enitted in this process. 

I 

! & 

e 

I  I 

I 
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I 

Let b be the probability that the center undergoes an optical trans- 

ition from B. The probability that the canter, in the excited state, 

reaches the point C is 

1» where k sod T hate the usual massing and S la the energy separating B 

and. G» p0 is sometimes called the "attempt to escape" frequency and 

ranges from 10 to Wr* for different aaterlals. The quantum efficiency 

Vlq is then 

m probability of an njBJj|gaJL transition 
Q * total nunber of events 

b 1 

* b+ Pee"^5* * 1+ pe-ss/*! 

L • 1   | where p - p^/b 

I 
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f This expression is curve 1 in Fig. 1(b). It has been found that for 

powdered CaMQ,, excited fay 2400 A. ultraviolet, tisa dependence of it. 

1 on T is given exactly by this formula. However, if 2537 A excitation 

I is need the agreement is not good(4a). -it very low temperatures* the 

experlssnial points fall below the theoretical carve as is shown in 

curve 2 of Fig. 1(b). This is another point for which there is no 

generally accepted explanation. 

£ It is to be noted that one say fit equation (1) to the experi- 

mental data giving the variation of }| with T by adjusting p end V 

without knowing the absolute value of fl a- One of the prissry r C-CSiC6a uS 

• of this investigation is the detersin=tiom of an absolute quantum effi- 

ciency f|Q for large crystals of CaVO* and GdfjQ,, 

I Before proceeding to the details of such a deteradnation we must 

clear up one point about the CaWO^ and QdtfO/ crystals we will use.    linen 

• this work was sterted these Baterials were the only crystals that could 
> 

- a be obtained sufficiently l*rge to sake the method to be used applicable* 

The precise nsehanJBm for their luslneseecce is not known. There sre two 

I - 
1 possibilities that merit consideration* These crystals •could be self - 

I    • 
activated(2a), that is* they could contain stoichlosetric excesses of 

one of their constituent*, most probably tungsten*    The self-eetivator 

could be either interstitial or substitutions!*    The other expl santi onQts) t 

(lb) arises fro* the feet that in both of these crystals, as well as 

other tungstetes that are luminescent, the tungstate groups are closely 

coordinated, the tungsten stems being tetrahedrally surrounded by the four 

oxygen atcfis(lO)*    There Is no known reason why a WD* coordinate group 

J-:_t_ 
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cannot have the properties of a luminescent center and the observed ltnl- 

Bescesea be an inherent property of the material. Cna fact that smpporta 

this supposition is that a great many tungstetas that are luminescent 

have different crystal structures, bv.t in every case the 110, is present 

as a eoordioBts group* In addition, the luminescent spectra if these 

materials are all similar* 

III. EFFICIENCX MSASQREMER5 WITH FOWDSl AKD SDCLB GRISXsL PEOSPHCES 

The phrases 1 til nascent efficiency, or energy conversion, and quan- 

afficiency have bean carefully defined* The process of Measuring 

these qu&stities must also be carefully considered* this has been done 

in a general nay by Levsrens{2b) but for this investigation us sust 

mtnminm certain details* Allow a phosphor, either a single crystal or 

crystalline powder to be excited by nonochranatle ultraviolet light* It 

the surface of the material a fraction of the incident light will be 

reflected aad toe remainder will enter the crystal according to the 

principles of classical optics, e.g.,  sea- Jerkins and Ublta(ll)* The 

entering light will be absorbed by the luminescent centers, by the host 

crystal, by impurities^ or by sane combination cf the**. Since the crystal 

J is luminescent sons of the energy absorbed will be reesdtted by the lunsl- 

nascent centers* This emission, idiich will have a broad spectral dis- 

•* tribuiioa, can be entirely or .partially absorbed by the host lattice, and 

f that part which is not absorbed will be reflected sad refracted by the 

crystal surface before i» can asaerge from the crystal* The amount of 

^ emitted light that emerges, will depend on the index of refraction and 

the geometric shape of the crystal* lie will consider the case of cryst- 
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alline powders and, in Bore detail, the case of a large single crystal. 

To relate the quantum efficiency to the luminescent efficiency, or 

I energy conversion, requires & knowledge of the spectral distribution of 

the emitted sp*«tru§ particularly if the detector, e*g», a photo cell, 

I is' not completely black* And, since the spectrum must be measured exter- 

nal to the crystal we most be able to calculate the spectrum we would 

.-  9 observe if we could measure it internally* Unless the crystal abacrbs 

a large fraction of the luminescence internally the observed speetass 

will differ only slightly from that emitted by the centers* 

I A* Efficiency Measarenents with Crystalline Powders 

I I Tbe surface presented to exciting ultraviolet by a powder ©onsist- 

i 
9 log of innumerable microscopic crystals will undoubtly .scatter part' of 

this light according to the laws of diffuse reflection, the remaining 

light beixg absorbed by the crystals* In principle one can determine 

I the energy absorbed by the crystal by measuring the incident energy and 

all of the diffusely scattered light: However > the aesaursment of' the 

leminescs-nce emerging free the powder as ." whole, and what 1? »«•»» iaspor- 

tant, the determination of the light emitted by the luminescent centers 

themselves, is extremely difficult* The reason for this is the permanent 

I entdf&ppmefit of part of tbe light produced in the crystal* This may be 

understood in the following way* Any light ray that strikes the surface 

of a medium, of index of refraction n, will be completely reflected if its 

angle of incidence is greater than the critical angle which is given by 

$e  • arc sin l/a* To illustrate, suppose that the crystal is perfectly 

spherical, then from simple geonetry all reflections that an arbitrary 

i 
» 
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ligfct raj is the interior ox the crystal vill lake at the surface ars at 

the same angle. Thus if ibis angle is greater than 3«, the raj will be 

permanently entrapped, until absorbed bj tbe Bedim or escaping after 

being scattered, or suffering a reflection on an imperfection, that changes 

its angle of incidence. Gillette(l3) has calculated: tbat "10*0% of the 

luminescence formed in an optically perfect sphere of GdyO^ is so trapped 

and tbat 73»®% is trapped in an opticallj perfect rectangular priss. 

&foi?alant values for CaWGb ar# 56-2$ for * sphere end 62*6$ for ihs priss* 

If one bad a phosphor of perfect spheres, rectangles, or other cal- 

culable shapes, in principle the amount of light measured outeid* of such 

a naterial could be related to that emitted internally bj the luminescent 

process* Tbe fact that the perfect particles would be readonly oriented 

could probablj be treated in a Banner sinilar to that described by 

Longini(li) far sheets of particles. Also, the fraction of light escap- 

ing Iron randomly shaped crystals has been calculated* To accurately 

relate the light escaping iron actual powdered crystals to that farmed 

in their interior seats to be extreaely difficult* if not impossible, for 

the following reason* Powders of a crystal are neither perfect geometric 

shapes nor completely randomly shaped. They are very imperfect micro- 

scopic images of their macroscopic habit* e.g., pondered rock salt, MsCI, 

consists of small nearly cube-like bodies with smaller' various size cubes 

"knocked* off of their comers* To calculate the amount of light escap- 

ing from such quasi regularly, or perhaps quasi randomly, shaped crystals 

seeus f omidsbls indeed. 

I Obviously, for an accurate efficiency measurement with powders this 

problem must be solved. Ae experimental approach has been taken by 

I J *- 
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Bctden and Kr5ger(15) who try to correct for these difficulties by caii- 

T brating their apparatus in such a way that the entrappment of light is 

compensated for* They estimate that efficiency measurements made in this 

•uay are accurate to '£? 5%» 

— B» Efficiency Measurements with Slabs of Luminescent Materials 

j *- In contrast with efficiency measurements on crystalline powders 

I __ 
discussed above we now consider the problem of making an efficiency meas- 

; !: 
I urement on a large single crystal. Most often we can obtain such mater- 

ials as rectangular parallelepipeds, which for computational purposes 

may be regarded as slabs. 

The amount of energy imparted to a slab may be easily determined 

particularly if its surface has good optical qualities, i.e., is reason- 
u 

ably flat and free from scratches* From such a surface one may measure 

the reflection with high precision and assume that for any beam incident 

on the crystal the energy not reflected is totally absorbed. Note that 

one may conveniently measure the reflections from a material even though 

It is completely opaque to the light being used. 
»« 

I The light incident on a cryste.i that is not reflected is, of course, 

refracted at the surface* Should the material be highly absorbent, all 

I of the absorption will take place in the layers just adjacent to the aur- 

JL face. Thus, if a ray of ultraviolet excited luminescence in such a crys- 

* tal one can assume, to a high degree of precision, that the excited cen- 
1 

ters are located just below the surface at the point the ray entered it. 

This may seem to be a trivial point but CaWO^ and CdWO* so strongly absorb 

2537 A light that it is probably impossible to determine the index of re- 

fraction at this wavelength and thus in principle one cannot determine 
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the path of the refracted beam given the locus of the incident beam. 

This point vill become clearer when ve consider the emission for CaWO^ 

and CdWO^ in detail. 

If the exciting light is weakly absorbed by the crystal it will 

cause luminescence to be emitted along the path of the refracted ray. 

For such & material it would be necessary «o know both the index of re- 

fraction and absorption coefficient of the exciting ultraviolet in order 

T that the distribution of excited centers, along the path of the exciting 

light, can be calculated. 

I Ve have just given the details of the process whereby energy is im- 

l    m parted to the luminescent centers in a slab of material. We now want to 

calculate the intensity of luminescent light, outbids of the slab, emit- 

ted by these centers in the interior. For this purpose assume that light 

is emitted isotropically from a point in the slab. Here, perhaps, a dig- 

I ression is necessary since no experimental evidence exists showing that 

isotropic emission is the actual case. Such evidence would be difficult 

| 1 to obtain with powders since they would be randomly oriented if a large 

number were involved. However, if luminescence is not emitted isotropi- 

cally this could conoeively be demonstrated with large crystals. 

3 Let the arbitrary point,, from which the light is emitted, be the 

point labeled a in Fig. 3* Light striking the surface at an angle 6 less 

•k 

I 
I 

I 

I 
I 

than the critical angle 8 will be reflected or refracted as we have al- 

ready considered. Let us inquire about the fate of the light outside 

of the cone of transmission where there is total reflection. By multiple 

I reflections it will go to the ends of the slab where it will either pass 

1 
I 
I      , „  
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out of the slab or by making several reflections proceed towards the 

opposite QUUI One CS.U  show that for &n optically perfect rsctang«uar 

parallelepiped, which is perfectly transparent, and for which n< 4 2 

all of the totally reflected light will ultimately pass out of the 

crystal through the ends of the slab. Since all of the crystals of 

interest to us have n > J"? we will not pursue this theorem further* 

1 For OWO4. and CdWO/ the permanently entrapped light must meet with one of 

if « two fates, either it will be absorbed In the crystal In which case we do 

! 1 I not have to consider it further, or it will meet with an optical imper- 

«, a fection, e.g., a scratch on the surface, which will allow it to escape 

, h from the crystal. In the latter case it may be detected along with the 

light which we wish to measure, necessitating that we make a correction 

for this additional scattered light. 

The light that strikes the surface with 8<©c will pass out of the 

crystal or be reflected. However, if it is reflected from the front face 

it &>ay pass out of the back surface. Again, at the back surface it can 

be reflected, possibly passing out of the front ajad so on. To begin with, 

consider only light that passes out of the front surface the first time 

it strikes it. Any ray will be refracted at the surface according to 

Snail's lav, 

n sin 6 « sin f£ (2) 

where a • 1 outside of the slab* All such incident and refracted rays 

1 will dsfins planes which will also pass through the line SS'* When obs- 

erved from outside of the crystal, rays that originate at S will appear 

I to come not from S but from a virtual source(l6). It is most convenient 

• 
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for calculation to fold together along the axis SS1 all of the planes 

containing incident and refracted rays thus making a two dimensional case 

out of the problem of determining the position of the virtual sources* 

Let d be the distance of the point S frost the front of the slab then if 

a and p are the coordinates of tfce virtual s-narce, o/d and p/d ere dime©- 

sionlesa quantities given by 

_ a/* « I f- (n2 - 1} tan2 8 + 1 } 3/2 

« (n2 - 1) tan3 8 

(3) 

U) 

For Illustration, the coordinates of the -virtual source, corres- 

ponding to the different -values of 8, are plotted in Fig, I for GaXC^ 

for red and blue light. 

Returning to the actual three dimensional case we see that all of 

the light from S that la directed toward the front face of the slab 

between the angles 9 and 9 + d8 ess be regarded as originating along the 

circle which is the locus fcreed by rotating the virtual source around 

the line SS*. If I is the total lusdnescent flux originating fro* S then 

1 s±B0d9 is the flux striking the surface in the cose between 8 and 9 -I- d9. 

This flux nay be looked upon as emanating from the virtual source in the 

cone between jS and $ + djf and striking the screen in the area swept cut 

between the ray / and the ray / + d^ as they are rotated about the line 

SS1* Let this area be d&^ and let TJ be the distance from the virtual 

source to the point where the *rsy 9" strikes the screen, then 
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dA; - '*" —     2 TT (r^ sin £ + 8) 
C08  tf 

Call L   ,       the luminous flux, per unit area, striking the screen 

in the cone between f> and £ + d/rf, then 

n U*» - | sm e SS^ 

i, ,1    gfoAc?P^de-<,    •, (| "2     r^o>4ir ir^ sin?+ p) 

i; 

I 1 Iron n sin 6 * sin /4 

• cos /rf sin f> d/rf 
sin © d© "      ii i nil        ii i   i 

hi 
therefore, 

n «-* / /   x I cos2 ^ sin ^ 
Ltf.B) - —  •         (5) 

|[ 4^yn Jn2 = sin2 / (rj sin/rf + B) 

I It is important to notice that in deriving this formula we have not 

taken into uonsideration the fact that seme of the light is reflected at 

jf, the surface*    To include this we have only to include a factor (1 - R^) 

(where R/ is the fraction of light reflected at angle /6.    The expressions 

for R^ are well known(ll,12). 

ft We will use, in our computations, the special case of (5) obtained 

when d approaches zero*    Jbysically this corresponds to the case of lumi- 

J neecenoe being formed just beneath the crystal surface*    Allowing d to 
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go to zero (5) becomes 

L(/,D) 
I cos^ 

If, in addition, we allow p to approach zero we have 

L(0,D) - 
AtTD2 n2 

I 
i; 
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and then if we let n approach unity this expression becomes 1/4 tT D , 

just as we would expect* 

Likewise, if in L(/,D) we put n equ»l to unity we again get the 

expected expression 

I •*£   cos/J-        ~  h cos/rf 

To the intensity representing light going directly from the source 

point S must be added the components reflected from one or more surfaces* 

Of the light originally heading toward the back surface of the slab, a 

fraction R/rf will be reflected toward the front surface where the fraction 

(1 - RpORp' will emerge to strike the screen* If the slab has thickness t 

this particular reflection component can be regarded as coming from a 

source a distance 2t-d from the front surface. (See lower left corner 

of Fig* 4)< Likewise, the next most intense component first strikes the 

front surface then the back surface and finally passes out of the front 

surface which gives rise to the reflection factors ftp   (1 - Rx)« This 

component can be regarded as emanating from a source a distance 2t + d 

X   *T"""''' .i« •w.Ow— 
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from the front face.. The next component hag reflection terms R^(l - R^) 

end a point of origin term i% - 43  end the .next terns are B^C'l - B^) end 

-1 
it -•- d, etc* For CaUO^ the reflection fraction B^ in approximately 10 

oogteiaiBg %f  contribute lees than a tenth percent. The total 

intensity at the point on the screen D^D* is given by 

-  : 
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At first it might, seen that there is co difference between, e.g., 

/^ sad |$^« Ime difference is that sines these ccsspeaaats case from dif- 

ferent -virtual sources the rays that strike the point D,D* axs not Inclinad 

to the line SS* at the same angle. For practical purposes we will use 

this fomula with d • 0 so that it reduces to 

1 
1 

II 
! 

I 
I 
I 
1 
I 

^*'*'4> = 4* 1 y%iiS *»i<**-**»*#, 

***** 

} 
(7) 

For computational purposes one does sot try to find the $j, £4* 

etc., that corresponds to rays that strilEe the point- D1,©* but. cemputes 

each tern for arbitrary 'values of these angles, Bakes a graph of -A. (D.D1) 

as a function of D* and adds the -values of the intensities of each comp- 

onset at the point D*. 

The first three terms of Equation (7) end their son ere shewn in 

Fig* 5 for parameter a actually used in the CaVC^ newsier scents, 
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The intensity I is put equal to one so that the ordinete is the 

fraction of eslited lunlnescence that strikes a wait area, cm the photo 

cell, at the point D, **. 

One can write (7) for the case where 8, car the various jf'e, is sero. 

This is the case that involves only rajs close to the axis SS*• fhyai- 

eally it is applicable for a detector on the line SSV -ioss lino 

sieas are small eeemexei to the distance 0. In this case (?) be 

f(8) 

10 is the value of tU at / » 0. This foraaila is very useful for 

quick ocsiBntati em* 

To snuarlse, ve hare calculated the intensity of luminescent ll&A, 

enltted frost, a lusdnescent center in Hie interior of a slab of material, 

inciient en a screen (detecting' device) in front of sni parallel to the 

face of the slab. Actually «• Mill use this expression to calculate the 

esdtted intensity frcss the intensity observed by a photocell. we do not 

fulfill eonpletely the point source condition, but in the calibration 

procedure used, some, if not all, of the error produced by the snail extent 

of the source is emnpensated for* 

The index of refraction n, which appears in all of these forsnlas, 

is a function of wavelength. The effect of this is that the distribution 

of lnadneseence outside of the crystal is different from that inside, 

that is, the observed spectrum is slightly different from that emitted by 

the Itatine scent centers.  Cfcce we hs.ve determined the luBlnsssent 

! 
> 

•   ! 35 
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of these crystals we can compute the true spectna from it* 

17. EXPER2MEHT&L SQDUfSHT A!© TECHBI^GES 

Far each crystal of CAWO^ and GdWO^ we will need the following 

information to measure the energy conversion from which we can calculate 

the qosstis efficiency* 

a) Use percent reflection of 2537 A ultraviolet,, particularly at 

the angles we will use for the efficiency measurements. 

b) The optical absorption ©I the materials, especially at 2537 A, 

•            bat also at the wavelengths contained in the emission spectrum. 

_ c) The indices of refraction at tee wavelengths of the emission I 

• • spectaw. 

r • d) The spectral distribution of the eadssioo acectram. 

I • Ie) in efficiency neasuremect. i.e., a determination of the amount 

of luminescence emitted when a known amount of energy la absorbed in the 

crystal. 

f) If all of the above measurements are at one temperature, a 

measurement of the tssper&ture dependence of the efficiency Is not nec- 

essary. However, ratios cf the egiazJoc. at room temperature, dry ice, 

j and liquid air temperatures were obtained to compare with powder date on 

the temperature dependence of the efficiency. 

A. Description of Equipment Used to Determine the Spectral Distribution 

All of the spectrum determinations were made with a medium Hiiger 

quarta spectrometer. The method that was used employed this spectrometer 

and. its associated optics to obtain a spectrum of 'the luminescence on a 

photographic plate. Then, without disturbing this equipment the crystal 
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producing the luminescence was removed end an incedescent lamp cf known 

emission was substituted for the crystal. In this way the spectrum ob- 

tained from the phosphor is compared to a known spectrum and such things 

a8 the resolution, ttwsssjssttm of the spectrometer, spectral response of 

the recording photographic plate, etc, ere then "cancelled oat." 

V'ith the aid of Fig. 6, which is largely self-explanatory, we will 

consider the details of this arrangement* All cf the end salon sp-so-tra 

were obtained with the crystal excited by 2537 A ultaraviclst. The light 

scares vas a Q* 1* fhrlarc OT-2 quarts low pressure fig discharge lassp 

operated from an autotransformer supplied by the nanafactnrer* In order 

to reduce the &v*N@it of ultraviolet that escaped into the laboratory the 

1 leap vas fitted with a housing containing a avail exit port* The entire 

unit was then cooled with a email blower. By adjusting the amount of air 

admitted to the blower the steady state operating temperature could, he 

closely controlled* After a one hour wars-up the output of the lamp was 

constant to within one er two percent over a period of two hours. If the 

rocu temperature changed markedly the lamp output also changed, eoase- 

tines to the extent that a run had to be discarded. 

The light from the lamp vas focused on the entrance slit of a snail 

Hilger single •onochronator with a quarts lens of approximately the sans 

focal length as the coHimating lens of the nooochroai&tcr to obtain naxi- 

I moi light output, fhe aonocfaronator was adjusted for optimm transadss- 

ioa of 2537 A li^ht lildi was focused on the crystal being studied with 
I 
£ another natched quarts lens. Originally, considerable light from the 

I 

1 

5 
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I 

prominent Ig lines also easaneted from the exit slit. Before this 

could be elisdnated it was necessary to line the interior of all parts 
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of this tnstruaent with black satte paper and Install several additional 

baffles to el lad nate spurious light scattering. la addition, It ias nec- 

essary to placs a filter between the lanp and the entrance silt that elia- 

lasted all of the unwanted Uses but the 3650 1 one, mice by tilting tba 

crystal as described below, was reduced to a degree that it did not inter- 

fere ¥1*01 any of the aeas^reswnts. Ob all of the eadssion spectra this 

line, asd only tills Use. appeared faintly super lapc-sad en the spectrtau 

«* th these sodifieetions the intensity of light greater than 3090 A 

striking the crystal being studied vs.s less than 0*1$ of that contained 

in the 2537 A line. 

The cryofftat which was used to Maintain the crystals being studied 

at a fixed temperature is shown in Fig. 8* Hots that the crystal was 

ireliaed to the incident ultraviolet at 35°, and the spectra* observed 

•ft 10°, to the naraal. this arrangesMnt prevented the 3650 A light tttm 

being reflected directly into the spectrcgraph. This occurs in the 

following way. 3650 A light incident on the crystal, was refracted along 

the noratel of the crystal and partially reflected fron its beck surface 

directly- into the speetroBcter. In spite of this arrangement, a very 

snail anount of 3650 A light was still scattered into the spectrometer. 

The crystal, being studied was thensally connected with the copper1 

block ^f  eaibe&ing it in Wood's aetal* In practice the crystal chamber 

was filled with aolten wood's natal. The crystal was then placed on the 

surface of the ssetal and the top plat* of the block laid on it. with 

all parts slightly above the aelting point of the Hood's netal, the top 

piste was screwed down, the excess aetal spewing out of the PH'I'I silt 

I in the plate, when the top was firstly fastened and the natal had hard- 

i 
-•-* -f 
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eoed, any excess metal was removed with & twseser. Several tises it 

was possible to take off the lid of the crystal «iaafcer without melting 

the tfood *«• metal. In e-rery case, the metal completely filisi the cracks 

between the crystal and the copper block* 

ihe temperslore of the crystal being studied was not dates mined 

directly, uOMttof, ths temperature of the front surface of the block 

contain} ng the crystal was measured with a ccpper-coastaatan •thermo- 

couple. Several months effort was expended in an attempt to measure the 

temperature of the exposed surface of the crystal, especially for meas- 

urements at Uqpid air and dry ice temperatures, These attempts were 

unsuccessful primarily because no good way could be found to fasten a 

1 thermocouple to the crystal surface that would provide sufficient thermal 

contact to really indicate what the crystal surface temperature was. 

v i 
ft     • for example, thermocouples, of two nil wire ware soldered to 2 am. by 

•T    • 2 an. copper foil. 0.2 all thick, and these in turn were fastened direct- 

| ly to a copper block, at liquid air temperature, with a very thin layer 

*     I of glypial.    The temperature indicated ~o^ this couple ess frca 25 ci to 

I 50 °K, depending en the thickness of the glyptel layer, higher then sinei- 

M    m lar thermocouples soldered directly to the sans  block,    xhermocoupies 

placed in holes in the crystals themselves always read the ease as those 

on the copper block.    Since CaWO^ and GdUQ^ are fairly dense crystalline 

I substances one expects that they have good enough thermal conductivity 

I 

I I 

I 
I 
f 
I 

so that the crystal surfaces are only slightly above the temperature of 

their interior. Inere is no direct experimental evidence to support 

either of these suppositions* fhe procedure followed when making a run 

was to pump the vacuum chamber of the eryostat down to 10""° sa. fig. ear 
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better, then fill the eoolaat chamber *lth dry ice, liquid air, or water 

f«r roam temperature measurements, a=d allow at least yz sisutes for the 

crystal to reach equilibrium, ^ven though the copper block reached the 

coolant temperature alitost immediately. 

That the incident ultraviolet ll^ht could not haw raised the temp- 

erature of *be crystal more than 0.1 °K is shown by the fact that wh<m 

this ease amount of ultraviolet was roci^ad on the vacuum radiation ther- 

mocouple, to be described below, which certainly had considerably less 

beet capacity, its temperature chafed by only 0.1 °I» 

Accurately timed spectrograpb      exposures were Bade at liquid air, 

dry lee, and room temperature after the thirty Minute waiting period for 

each coolant.    Except for the difficulty Involving the surface tempera- 

ture mentioned above, the crystals ware at 78 + 2 °1 when at liquid air 

and 195 + 3 °K whan at dry ice temperature.    Because it proved difficult 

to keep the dry ice acetone mixture, or powdered dry ice which was some- 

times used, well stirred, runs with this coolant suffered from larger 

fluctuations that when liquid air was used.    Also, if the mixture was 

atirred too vigorously it supercooled.    Following these measurements the 
i 

oryoetat was removed and a G. E. standard pyrometer leap was substituted 

s for the crystal.    This arrangement is described by Fig. ?.    the lamp con- 

sisted of a flat tungsten filament notched at tee point where, in tee 

| center of the filamenx, the color temperature was known.    Both the lamp 

and the crystal could be very accurately located at the same point by 

using a simple trick.    An Incandescent lamp was located where the cassette 

for the ifcotogrephle plate normally fitted (at the visable end of the 

spectrum),    this! produced an image ©f the entrance slit of 'the spectrom- 
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eter, as forffled by the achronat, at precisely the spot where they should 

be located.    Locating the inage oa the proper spot of the leap or cryo- 

M ttat Mt< aecoacllshed easily by means «f adjustment screws that allowed 

them- to be sored horisontally or vertically* 

Thus the epectrcjseter, the associated optics, and the photographic 

w plate were act disturbed during an entire run, only two different light 

sources wsrs used *    In this way the spectra and a series of exposures of 

known intensity were obtained on the sane photographic plate, an Eastman 

type IS*    Huts the trawl salon of the spectrometer, of the lenses, and 

I also the spectral response and the *t**»lopsieat conditions of the photo- 

— graphic plates, etc.. were the ssrc fas* all «|<OHvn. 

The lamp manufacturer supplied its brightness temperature, at the 

7 indicated point on the filament, for a current of 30*00 amperes, and the 
I i- 

transmission of the glass envelope* Iron this data and the emissivlty 

, of tungsten, as given by Forsythe and Mans(17), the spectral distribu- 

tion, of the light edited by the £iieaent was calculated. fbe emission 

I of partially black bodies such as this are treated in detail by 
I 

Forsythe (IS)*   The spectral distribution of the calibrating lamp is shown 

in Fig. 9. 

I Because the lamp was en. the order of 10° times, brighter than 'the 

crystal, emission it was necessary 'to impose a sector wheel between the 

| lamp and the spectroseter*    The transmission of this wheel was about 

13 x 10***.    This small value was obtained by placing two pairs of slits 

on opposite edges of a disk*    Ute separation of the slits could be accura- 

tely adjusted by putting s steel foil between then, and then removing the 

foil after the slits were securely screwed down*    The disk was rotated 
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at 1750 rpm. 

I Hie pyrometer lamp was operated from tie direct current males with 

a battery floating across it. Tbe current was measured with a type I 

potentiometer. Except, uhere large surges affected the Bains, the current 

could be kept within 0.01 percent with constant monitoring. Since most 

of the data was taken at night, no surges long enough to cause a run to 

be discarded occurred after dsyiiss operation was abandoned. 

When calibrating the plate, exposures of 0.02, 0.04, 0.08, . • ., 

10.24 ninutes were sada. Ibis method was adopted when preliminary B»'*S~ 

uresents indicated that there was no reciprocity failure in the useful 

blackening range* unfortunately, when the data ha? been ccspletsd and 

the plates carefully densitcc*tared. it uaa found that they did not com- 

pletely obey the reciprocity law, D » J„t, 'Acre D is the density, I0 the 

intensity, and t the tine, but did obey the Schwartschild relation(i9}, 

D * I0t , where p is supposed to be a constant for a given emulsion and 

development., actually, the values, obtained for p 'were very close, to unity 

and constant so that the reciprocity failure was not great* However, the 

plates were analysed using the Schwartschild relation by the method given 

below. 

Besides the tea calibrating exposures and the nine luminescent spec- 

tra a wavelength scale was photographed on each plate. Incidentally, it 

1 had been checked against an iron exposure and found to be extremely accu- 

rate. Vfcen densitometering the plates, the filament image was turned 

1 parallel to the markers on the wavelength scale and the plate then scanned, 

at a fixed wavelength, across all of the exposures. An example of these 

• decsitorater tracings is contained in Fig. U. Then for each wavelength 

L 
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I 
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can compare the density of the luminescent spectre to the density 

obtained from the calibration curve. The process used vna to plot log D 

against log t for the calibrating exposure as wall as the luminescent 

exposures* Hote that the Schwartschild relation can be written 

log D»logI+plogt 

for the spectrum, exposures, and 

log D0 « log I& * p log t 

for the calibration exposures,    Than for as?y time t 

I « IoD/5>0 

which is Just the ratio's of the ordlnates of the two plotted lines, la 

Fig. 12 we show the curves obtained «t 4250 * fcr one of the CaVD^ spectra. 

B. Description of Apparatus Used for Efficiency Measurements 

To Bake an efficiency measurement one must determine the fraction of 

energy imparted to a crystal that emerges as Luminescent light. To this 

end one must be able to measure the incident energy, which in practice is 

focused on a small area 0.2 mm z 2.0 mm* and also the emitted light which 

diverges according to the inverse square law from this point as well as 

being reduced approxlmatelj by the factor 1/n2 (see Eq. 8). The 

available for the latter measurement is about 10"*3 that of the fe 

Com does not need to know these energies absolutely} it is sufficient to 

know only their ratios. For this reason and to put all measurements on 

a common basis, the incident energy is measured with a black radiation 

thermocouple and the photocell used to detect the luminescence was call- 
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orated in terms of toe saass thermocouple. 

The phototube used for all aeasurements was a R.C.A. type 935 blue 

|   _ sensitive tube. The associated circuit, shove In Pig. 13, is based on 

I  • a circuit given by Vlctcreen(20). la iaj:crtar.t aspect or this circuit 

£:  I is tt-. arrangement whereby the Input resistances Ri, R2* ^3* *4» can *** 
• 

quickly changed. In order to determine if the sensitivity, i.e., if the 

galvKocEseier deflection, use directly proportional to the isput resis- 

tance, the following test was done with resistances of 5 x 10-, 10®, 

5 x 13**, and 10' ohms. A dlapuram -alias tvo openings was placed in front 

of the phototube end the intensity of an. incandescent laisp, sons distance 

from the diaphram, ad lasted so that near fall scale deflection was obtain- 

^   I — .-* •.*».,.-•. — *-. —_-.— 
k taken with each hole open separately and then with both open but using 

s   I •     • a smaller input, resistor.    In this way the linearity ox tie circuit using 

g      I these input re-si stances was established.    Ifcen using ihm photocell for 
m    ! 
j& measurenents the input resistances were chosen so that nearly full-scale 

I inflections were always obtained.    tee percent vire wound or glass eocl- 

Mw ¥ictoreen resistors were used.   This introduces an error of approxi- 

mately two percent in all of She neasurenents with the photocell that 

involves cfeaiigirg the input resistors. 

In practice, th« weans drift la the next most inportant factor that 

Units the accuracy of this circuit*    Because of this, neasurenents were 

always taken in the following way.    The zero was first adjusted, the 

light to be naasured admitted to the tube by opening a shutter, the de- 

flection noted, the shutter closed, the sero reading noted and then, if 

t 
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it was necessary, the deflection was corrected for a shift in the zero 

| reading. 

The radiation thermocouple was constructed by H. Csrtwrlght and Xm 
I I 
t     • similar to the one described in Chapter VIII of Strong(21). This parti- 

cular thermocouple contained two single junction couples connected to 

provide compensation for changes in the ambient temperature* Its vacuum 

• • etwsber vs.s cessscisd to a large charcoal trap which was heated to &£J&°C9 

I " 
f to activate the charcoal, whenever the chamber was evacuated. After the 

initial evacuation, which required S hours* a pressure of 5 x 10""' BB was 

reached. although the thermocouple was pumped down to this pressure 

several times there was no indication that while measurements were in 

progress the pressure had ever risen to a point where the thermocouple 

sensitivity was effected. 

The thermocouple was used with a Ids tea-Fold chopper amplifier that 

drove a secondary standard type large scale milliaameter. The gain of 

this amplifier changed from day to day according to the vagaries of the 

I mechanical chopper* Thus, in order te use this amplifier very frequent 

calibration was requited, this was done using the "built in" test 

signal. The absolute value of the test signal was not used, only its 

I constancy during a gives T^a aa& this was often checked by measuring the 
1 

voltage of the test signal battery which varied less than, one-half percent 

during ell runs. 

In order to calibrate the photocell In terms of the radiation th.erB.o~ 

couple the optical system diagramed in Fig. 14 was built. The light, of 

any of the prominent Rg lines,emitted by the monochromator was made para- 

llel tej an achromatic lens. iSj seens of the two position mirror this 
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light was directed either toyard the photocell or the thermocouple* A 

I dlaphram exactly the same size as the opening to the fhotocell was arran- 

ged, as is shown in the diagram, so thst squsl amounts (the same solid 

angles are subtended) of light strike the photocell and the thermocouple* 

• To calibrate the photocell the output of the monochromator was adjusted 

to the desired thermocouple reading, then the mirror was rotated so that 
1 
X the light struck the photocell and its response noted. This procedure 

was repeated mnnerous times far each of the Hg lines* The spectral res- 

ponse curve for the photocell so obtained is shown in Fig. 15* The 

f ordinate is given as mm/M.v but this is only for convenience as the micro- 

|; volt scale is relative, not absolute* 

By adjusting the height and width of the exit slit of the monochro- 

mator the image formed by the paired achromats was very nearly the size 

of the "spot* of luminescence on the crystals studied* To a large extent 

this compensates for making calculations using the approximations that 

the luminescence originated from a point source* This is particularly so 

11  fj since the solid angle subtended by the photocell when being calibrated 

was the same as when it was used for efficiency measurements. 

Figure 16 is a schematic drawing of the way the apparatus was uB«d 

for the efficiency measurements. Since only 2537 A ultraviolet is needed 

the monochromator and light source were applied in the same way they had 

• 
• been for the spectrum measurements* The two position mirror was again 

used to focus light alternately from the thermocouple to the crystal being 

studied. Inasmuch as 2537 A light is not visible and since the optics 

were quartz and not achromatic it proved to be difficult to focus the 

2537 line on the thermocouple* This was not satisfactorily accomplished 
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until the thermocouple and a luminescent uranium glass plate located in 

the same plane as the thermocouple collector were mounted on a micro- 

scope stage. Then the ultraviolet was focused on the glass and the stage 

moved laterally until the thermocouple reading indicated that the image 

was entirely on the collector* Incidentally, the image is much smaller 

than the collector. The stage controls are so sensitive that the image 

could be properly located with only reasonable care. 

Focusing the beam on the crystals was easy because they were, of 

course, luminescent. The accurate location of the photocell with res- 

pect to the crystal, or the image on the photocell side of the calibra- 

tion setup, could be easily done with a simple jig. The crystal was 

mounted on t. stand that held a elide containing openings of different 

sizes. Thesj openings symmetrically surrounded the imng*; m~ liaaisea- 

cent spot, and expose a series of different areas of the crystal. How- 

ever, none were so small as to interfere with the primary "spot* of 

luminescence. When the luminescence was measured using the largest and 

smallest openings, and with the incident ultraviolet held constant, 

there was only 1 or 2%,  depending on the crystal used, difference between 

the readings* This shows that very little of the entrapped light esca- 

pes, or at least contributes enough to the components .we wish to measure, 

to introduce an error larger than this amount. 

Once the components were properly adjusted, the efficiency measure- 

ments consisted simply of alternating the 2537 A between the thermocouple 

which measured the incident energy and the crystal being studied. Photo- 

cell readings were taken for different intensities of ultraviolet and in 
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this vay the linear dependence of the luminescence on the incident 

energy was established. 

hi   I 

I 
11 
: ft    m Cm    The Reflection and Transmission Equipment 

'I " 

ill 
!! 1 
I I * 

' I 

The reflection measurements vere ns.de by standard methods, however, 

fig. 17 la Included for completeness. One point that should be men- 

tioned is that there- was an uncertainty of between one-hair and one 

degree in the angle of incidence due to lack of reprodueibility in mount- 

ing the CdW/ crystals because of slight unerenness around their edgea. 

Another difficulty with CdVO^ will be considered when we discuss the 

results of the reflection measurements. 

A Bee.Vas.ri scdei B5 quarts optic spectropboxoneter was used for the 

tr&nsaission measurements* In all cases the transmission was measured 

relative to the air path in an equivalent beam. When attempting to 

mmmmm ihe transmission at wavelengths where the light could excite 

luminescence, the photocell detected this light. In order to correct 

for this a filter that was completely opaque to the ultraviolet was inter- 

posed between the crystal and the detector.  Then at any given wave- 

length, in the region where the filter' is opaque, the actual tranaciss- 

iom is sere and. the detector response is entirely due to luminescent 

light* The reading with the filter, corrected for the fact that the 

filter is not 100$ transparent, can then be subtracted from the rending 

obtained with the detector responding to both transmitted and lumines- 

cent light. 

*_£ 
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V, MEASUREMENTS ON CaUO^ AND CdWO^ 

la all, the efficiency measurements described here apply tc two 

crystals of CaWO/ and two of CdWO^. All four were obtained from the 

Linde Air Products Laboratory at Tonawanda, N. Y. The CaVO^ crystals 

were both 1*0 mm. thick, crystal #1 was 6 mm. by 10 ma, and crystal #2, 

6 mm. by 8 mm* Both had their "C* axis parallel to their long dimen- 

sion. Unfortunately, the crystals were differently oriented with respect 

to the sa« axis. CaWO^ is slightly birefringent(22) (n « 1.9105 and 

n * 1.9260 at 6907 A) so that one can regard the material as isotropic 

and use the average index of refraction. Had the accuracy of the meas- 

urements warranted It the crystals could have been oriented by X-ray 

methods and accurate indices used for calculation. One can see from 

Eq. (8) that the error in the energy conversion. du« to uncertainty in 

the index of refraction, is approximately the square of the error in 

* the index of refraction. Except for the possibility that the index 

varies from piece to piece, the uncertainties in the values given by 

Haranda(22) for CaWO^,, which were used throughout, are negligible com- 

I pared to the other errors in the efficiency measurements. 

The two crystals of CdWO^, were cleaved with their surfaces perpendi- 

cular to the "c" axis but not otherwise oriented. The edges of crystal 

#2 were ground perpendicular to the largest surface and slightly polish- 

ed. Because of the tendency of this material to cleave, the edges 

frayed slightly and no further polishing was attempted. This crystal 

was 6 mm. by 10 mm. ar,d 0e?5 rom. thick. It was transparent though 

colored pale yellow. The coloring was slightly uneven. Because of 
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the difficulties encountered with CdWO/ crystal #2,shnping the other 

I one vas not attempted- It was 0.90 23a. thick and approximately 15 mm. 

by 10 mm. and had rough edges that were somewhat discolored. This dis- 

coloring extended into one end of the crystal in bands of approximately 

2 mm* wide* The unevenness of coloring in both crystals can probably 

be attributed to the presence of an Impurity or an excess of one of the 

constituents, perhaps Cd. Unfortunately, accurate indices of refract- 

" ion for CdWQ4 are not available. Gillette(i3) gives 2.4, a value which 

seems to be too high. Ve will describe below the attempts to determine 

the index of refraction for CdWO^ from transmission measurements. 

As The Reflection Measurements at 2537 A 

1.) CaWO^. The reflection of 2537 A light from both CaWO^ crystals 

is indicated by Fig. 18. The fact that #1 reflected two percent mor* 

than #2, which is 20$ reflectionwise, can perhaps be explained in the 

same way thai the differences discussed below for CdWO^ can be explain- 

ed. However, the measurements were always reproducable for each of the 

_ crystals and for different regions on the same crystal. The measured 
i ~  ~~ 

1 I • reflections were used and thus this difference does not introduce an 

additional error in the efficiency measurements. 

2.) Odnp^« Initially it proved to be difficult to obtain repro- 

ducable reflection data for the CdWO/ crystals. The error in the reflec- 

tion measurements is about 0.5$. Originally, the spread in the reflec- 

tion data was greater than 2%»    In Fig. 19 a large number of reflection 

measurements are plotted indicating the spread found. Now the beam of 

ultraviolet used for those measurements is very nearly the size of the 

luminescent "spot" for which the efficiency measurements apply. The 
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circled points, connected by the dotted lines, indicate why the repro- 

ducibility is poor. The points at 10°, 20°, and 30° were made at one 

spot on the crystal and the other circled points at an adjacent spot with 

all other parameters held constant* This indicates that the reflection 

of this material is not uniform over the surface of the crystal. The 

theory of reflections from insulators predicts that the reflection co- 

efficient should be higher in regions containing impurities than in 

pure regions. To minimize this difficulty, the reflection measurements 

actually used were made at the same spot on the crystal that was used 

x«r   une  eixxuj.9ui^r weasur«nie.avt»»      xnojr   u«  piui>i>eu   xa rxg.   *U. 

. _    m  gj      xiie   iiBiiiiiinBaiou ncaaui emciiva 

1») CaWO^,. The transmission of both crystals for wavelengths of 

2200 A to 7000 A is shown in Fig. 21. This shows clearlj that there is 

no serious absorption in the region of the emission spectrum. The region 

of the cutoff is expanded in Fig. 22 which shows that crystal #2 is 

slightly more absorbing than #1. This is in agreement with the obser- 

vation thai this crystal is more reflecting than the other. Figure 23 

demonstrates that for crystal #2 all of the photocell response for wave- 

lengths below 2700 A is due to the luminescence excited by the light in 

the beam of the spectrophotometer. The method used to demonstrate this 

was discussed in the section on experimental methods. Similar data for 

crystal #1, Fig. 24, is not so clear but the same interpretation can 

be made. The errors at such small transmissions are large enough so 

that all of the observed response can still be attributed to lumines- 

cence. 

!i 
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The nesaurwnents indicate that if thin enough samples were avail- 

able there might be some transmission at 2537 A. In as much as the 

absorption of 253? A could not be deterodned one could not determine 

the distribution of luminescence along the path of the exciting ultra- 

violet* Since one would like to make the assumption that all of the 

observed luminescence originate 1 directly below the surface of the 

crystal the following experiment was performed. A beam of 2537 A 

ultraviolet was focused on a very small area at the upper edge of all 

of the crystals* The luminescent spot was observed with a 20 power 

glass* The penetration of the ultraviolet into the crystal greater 

than 0*1 mm* should be easily observed with this arrangement. The obser- 

vations indicate that the penetration must be less than this amount 

and thus the assumption that the luminescence originates very close to 

the surface of the crystal is justified. The same test was made with 

the CdWO^. samples. 

2»)    CdWO^. - Transmission data for five different CdWO^ crystals 

are plotted in Fig. 25* Theso crystals are completely opaque below 

3100 A. Prom 3150 A to 4500 A they show a thickness dependent absorp- 

tion that is probably due to an impurity since even the thickest sample 

used was cot completely opaque in this region. Since the emission spec- 

trum extends from 4000 A to 6000 A, the observed spectrum is undoubtedly 

affected to some extent by this absorption* However, since better than 

90$ of the light observed in a spectrum determination penetrates only 

a very small thickness of the crystal, this must be a small effect. 

Crystal #4 was considerably less transparent than the rest and had a 

distinct cloudy appearance. No attempt was made to make any of the 

1 
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ctlnsr Keasurements with crystals of this type. 

Again, the apparent transmission in th» region of 2537 A was shown 

to be due to the photocell detecting luminescence produced by the spec- 

trophotometer light beam* Details of the measurements from 2000 to 

3500 A are shown in Fig* 26, and for the region 3000 to 6000 A in 

Fig. 27. 

It is veil kaown that the transmission of a medium can be accurately 

calculated from the indices of refraction for light of wavelength taat 

is much longer than the absorption edge* The measured transmission for 

CaWO/ is in good agreement with that calculated from the refractive 

indices* Because the absorption edge of CdWO^is so close to the wave- 

lengths contained in the emission spectrum it is questionable whether 

the transmission data can be used to obtain the indices of refraction 

of this material* Unfortunately, » nor* accurate value than the 2*4 

given by Gillette(13) could not be found in the literature and it was 

necessary to resort to computing the index rf refraction from transmis- 

sion measurements* The uncertainties in this procedure is aggravated 

by the fact that one suspects this material is strongly birefringent* 

The procedure followed was to compute the index of refraction, n, for 

wavelengths in the entire transmission region, from the measured trans- 

mission assuming no absorption* Obviously, see Fig* 25, this assumption 

is incorrect -where absorption is present, e.g., at 3700 A. 

Whsn the calculated n's were plotted against ** one could not 

determine by inspection the region where absorption was present. A 

more elaborate procedure was then trl«d which yielded seemingly good 

ft 
J t 
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values of n. Data from two widely separated  ^1 fs, e.g. 5000 A and 

7000 A, ware used to compute the values of A and A B  in Sellmeiar's 

Equation 

A2 1 + 

A* -A2 

Different pairs of /) as were tried until it was found that for 

• all /) 'a above 5500 A the came A and /I s applied* These values, 

I A • 4*00 and /: e * *5itA A, were then used to compute the indices 

needed for the calculation of the energy conversion. The energy con- 

I versions so obtained, discussed in detail below, are improbably high 
• 

indicating that the indices yielded by this procedure are too large. 

* This suggests that there Is sufficient absorption throughout the entire 

region of the transmission measurements to invalidate this procedure* 

B»r.ov>2s j55 bettor values are available there was no choice but to use 

these admittedly unreliable indices in calculating the luminescent data* 

C, Luminescent 9pectrum Measurements 

The spectrum measurements on the two CaWO^. crystals are shewn in 

Figs. 28, 29, 30, and the CdVO^ measurements in Figs* 31, 32, and 33* 

Same points which deviate markedly from the cluster of points can in all 

but a few cases be directly attributed to imperfections in the film. 

Even so the spread of the points is greater than the preliminary measure- 

ments, at room temperature- indicated that they should be* The most 

probable explanation for this is that these plates were developed under 

conditions where temperature control was extremely difficult. The aver- 

ages of data from each crystal and each type of crystal are less than 

Kfrlmir*!^1 JI • . 
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the experimental error and thus the differences between different cryst- 

als are not significant* For comparison the spectrum measurements of 

KrogerUb) are also shown with the liquid air measurements. Fig* 28* Note 

that his spectra vere obtained with powders and not single crystals* 

It is apparent from the dependence of the index n and reflection 

ratio R on wavelength that the observed spectra will be slightly differ- 

ent from that aotu&lly emitted by the luminescent centers in the inter- 

ior of the crystals* The observed spectra from CaVO/ and the spectra 

corrected to the interior are shown in Fig* 34* Beth spectra are 

matched at the peak of the observed spectra* Obviously, the difference 

is slight so that we have used the observed spectra in computing the 

energy conversion at room temperature* In addition, the comparison of 

the temperature dependence of powders, also from Kroger(Ac), with that 

which wa obtained is given in Figs. 35 and 36. The efficiency at - 180°C 

is takeu as 100$ for both crystals. 

One may ask whether the spectra are the same at the different temp- 

eratures. For CdWO^ the differences are less than the experimental error* 

Also, there is no clear difference between the CaWO^ spectra observed at 

f7°Y and 195°^* T *Je room temperature result is slightly different from 

these other two as is indicated in Fig* 30 where both the 300°K and 

195°K spectra are shown, after their scale was adjusted to match the 

77°K curve* In all computations the spectral distributions we obtained 

were used* 

D. The Efficiency Measurements 

1,) CaWO^. - To within experimental error the luminescent light 

emitted by both crystals is a linear function of the exciting ultraviolet. 
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Fig. 37* Also, there is a narked difference between crystals. From 

the ratio of photocell deflection to thermocouple deflection the energy 

conversion an? the quantum efficiency given in Table I were computed. 

Both were determined at room temperature* The error involved in a com- 

Table I 

Energy Conversion and Quar.tua Efficiency of CaWO^ 

Crystal Energy Conversion       Quantum Efficiency 

Ct'WO^ #1 ,A55 .7^ 

CaW04 #2 .505 .828 

pariaon of the efficiencies is smaller than the observed difference. 

This difference is supported qualitatively by the observation made 

during the spectrum determinations that one crystal always produced a 

darker spectra on the photographic plate than the other crystal for 

equal exposures. 

Since it is difficult to ascribe these large differences to purely 

experimental errors it is conceivable that the thermal history of the 

two crystals is different enough so that an effect similar to one found 

by Kroger(24) far re-crystallized powders is also operating here.  Also, 

the degree of polarisation in the exciting radiations, if any, was not 

determined. Therefore if there is & connection between the degree of 

excitation and the direction of polarization, as yet unknown, the fact 

that the two samples were oriented differently would produce such a 

difference. This is just one of a number of questions suggested by 

this investigation. 

1.JL 
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One may compare the quantum efficiencies obtained here with the 

0*71 given by Kroger(4a) for powdered CaWO^. Presumably his measure- 

ments were made with the equipment described by Botden and Kroger(15), 

though an explicit statement of this was not found in these papers* 

There is no mention of a correction being made for the permanent entrap- 

ment of some of the emitted luminescence, a subject previously consid- 

ered in detail* This correction would increase the quantum efficiency 

given by Kroger by at least 10$* Thus the efficiencies attributed to 

powders and our two single crystals are in substantial agreement* 

The error that should be attached to the efficiency measurements 

is uncertain since two possible cources of error were not evaluated 

explicitly* Namely, the validity of the assumption that the lumines- 

cent "spot" in the crystal can be treated as a point, and secondly, it 

was assumed that the spatial distribution of the light intensity in the 

cone of light used to calibrate the photocell was approximately that of 

the luminescence* This second possibility could introduce a large error 

only if the sensitivity of the photocell cathode was not uniform over 

its surface* Notwithstanding, the error in the CaWO^ efficiency is 

probably not greater than 5%,    With more elaborate equipment, and some- 

what larger crystals, more precise measurements could easily be made* 

2*) CdWOy. - Like the CaVO^ the energy conversion of the two cryst- 

als of CdWO^ differed more than the experimental error as shown in 

Fig* 37* It was expected that these crystals would be less alike since, 

as we described above, they differed in appearance. The quanvjan effic- 

iencies and energy conversion given in Table II, were calculated from 

L_L 
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the measurements using the index of refraction obtained from the trans- 

mission measurements* 

Table II 

• Energy Conversion and Quantum Efficiency of CdVO^ 

Crystal Energy Conversion      Quantum Efficiency 

| CdW04#l ,547 1.03 

CdWO^ #2 .65! 1.22 

The fact that the quantum efficiency is close to unity for both crystals 

raises a question as to the accuracy of the CdVO^ measurements* At 

lower temperatures the quantum efficiencies are even higher, as indicated 

by Fig* 36. It is apparent that it is energetically possible for the 

efficiency to be greater than unity but if only one luminescent center 

is Involved in the process it is difficult to conceive of how the single 

center may emit two quanta* However* if, in this material, there is 

* energy transport from one center to another, see e.g. Botgen(23), then 

a quantum efficiency greater than unity is feasible* 

A more lik«.Iy explanation is that the index of refraction we have 

used is too large* This would result from impurity absorption in our 

material increasing the measured absorption \&loh in turn would, make 

the refractive index, calculated from the absorption, too large* The 

high efficiency could also result from this material being birefringsat, 

which again, would mean that we have used an incorrect refractive index* 

S. Future Work on CaVO/ and CdVC- 

The room temperature results for GaWO^ are probably reliable. How- 

E3 
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ever, the CdWQ^ results and the low temperature measurements are subject 

to question since several properties, which we will enumerate below, of 

these crystals are not known. 

1.) - The refractive index and transmission of both materials should 

be investigated with emphasis on crystal to crystal variations and possi- 

ble temperature dependence* 

• 2.) = The reflection and absorption of 2537 A light should be de- 

I termined as a function of temperature. The lack of egreeinent of our 

measurements and the powder data shown in Figs* 35 and 36 can be explain- 

ed if one or both of these quantities is temperature dependent.. 

3.) - The possibility that the energy conversion may  in some way 

depend on polarization of the exciting ultraviolet and/or the direction 

of polarization with respect to the orientation of the crystal has not, 

to our knowledge, been investigated. 

A») - One should look for the effect of long high temperature 

thermal annealing which presumably would effect the perfeotness of the 

lattice. 

5») - For both of these materials it was ascertained that only a 

negligible amount of light that normally would have been permanently 

I 

Mi 
1 j 1 
f i 5 entrapped in the orystal was scattered in the detector from parts of 

I 1  1 I 
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the crystals further than 1/2 mm. from the luminescent "spot." The 

possibility still exists that an appreciable amount of scattering of 

V this entrapped light occurred closer to the "spot." 
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FIG. 37 
ENERGY CONVERSION  DATA SHOWING DEPENDENCE OF 
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